Introduction
A substantial number of immune cells reside in tissues other than the lymphoid compartments, and such tissue-resident immune cells are increasingly appreciated as key players in local immunity and immunopathology, as well as in regulation of systemic immune responses (1, 2) . The liver in particular is a unique site where diverse immune cell types reside, especially invariant NKT (iNKT) cells. In fact, iNKT cells are a dominant cell type in the liver (1) . Of note, several unique features distinguish iNKT cells from conventional T cells; they express an invariant TCR consisting of an invariant α chain (Vα14Jα18 in the mouse, Vα24Jα18 in humans) paired with a restricted number of β chains, which specifically recognizes lipid antigens presented by CD1d molecules (3) . Phenotypically, most iNKT cells are CD4 + T cells and show features of memory cells, and functionally, iNKT cells are innate-like lymphocytes that can rapidly produce a plethora of pro-and antiinflammatory cytokines upon activation, which affects the induction as well as the outcome of immune responses locally in the liver or systemically outside the liver (2, (4) (5) (6) . Because of that, they are involved in diverse immune responses, ranging from liver injury and regeneration to regulation of adaptive immunity and immunopathology (7) (8) (9) (10) . However, despite their importance, the exact mechanisms that regulate iNKT cell homeostasis in vivo, as well as their in vivo fates (life and death), are largely unknown.
One intriguing area is that the liver usually provides a tolerogenic milieu for intrahepatic immune cells in spite of a portal drainage, which is rich in food products, antigenic metabolites, and constituents of gut microbiota (11) . However, iNKT cells do exhibit features of activation and express surface markers of memory cells (12) . The expression of OX40 (also called CD134) by iNKT cells is particularly interesting, as OX40 is a costimulatory molecule in the TNF receptor (TNFR) superfamily and typically associated with T cell activation (13) . Traditionally, OX40 promotes T cell survival, effector differentiation, and memory generation, especially for CD4 + T cells (14) . It has been well established that activation of CD4 + T cells in the presence of OX40 costimulation sustains BCL2 expression, leading to the survival advantage of CD4 + T cells and development of long-lived memory cells (15) . Conversely, viral infections in OX40-deficient mice result in markedly reduced proliferation of CD4 + T cells and impaired generation of virus-specific CD4 + memory T cells (16) . In certain models, OX40 costimulation supports robust Th2 responses and allergic inflammation (17) . We reported that OX40 is remarkably potent in facilitating the induction of Th9 cells and airway inflammation, and OX40 accomplishes these effects through activation of the noncanonical NF-κB pathway (18) . OX40 costimulation also inhibits Foxp3 + Tregs (19, 20) , thus relieving T effector cells from Treg-mediated suppression, which indirectly boosts T effector responses. On the other hand, OX40 also contributes substantially to multiple autoimmune diseases. For example, all OX40 ligand-transgenic (OX40L-Tg) mice, in which the ligand for OX40 is constitutively expressed, spontaneously develop systemic autoimmune diseases characterized by production of autoTissue-resident immune cells play a key role in local and systemic immune responses. The liver, in particular, hosts a large number of invariant natural killer T (iNKT) cells, which are involved in diverse immune responses. However, the mechanisms that regulate survival and homeostasis of liver iNKT cells are poorly defined. Here we have found that liver iNKT cells constitutively express the costimulatory TNF superfamily receptor OX40 and that OX40 stimulation results in massive pyroptotic death of iNKT cells, characterized by the release of potent proinflammatory cytokines that induce liver injury. This OX40/NKT pyroptosis pathway also plays a key role in concanavalin A-induced murine hepatitis. Mechanistically, we demonstrated that liver iNKT cells express high levels of caspase 1 and that OX40 stimulation activates caspase 1 via TNF receptor-associated factor 6-mediated recruitment of the paracaspase MALT1. We also found that activation of caspase 1 in iNKT cells results in processing of pro-IL-1β to mature IL-1β as well as cleavage of the pyroptotic protein gasdermin D, which generates a membrane pore-forming fragment to produce pyroptotic cell death. Thus, our study has identified OX40 as a death receptor for iNKT cells and uncovered a molecular mechanism of pyroptotic cell death. These findings may have important clinical implications in the development of OX40-directed therapies.
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iNKT cells are genetically marked by the red fluorochrome DsRed (27) , and adoptively transferred the cells into WT B6 and OX40L-Tg mice (10 6 cells per mouse). Accumulation of DsRed iNKT cells in the host liver was monitored over time. As shown in Figure 1G , the DsRed iNKT cells were readily identified and remained stable in the liver of WT B6 host mice for more than 2 weeks. In contrast, those in OX40L-Tg mice were completely depleted 2 weeks after transfer. The use of DsRed as a marker to track iNKT cells also ruled out the possibility that downregulation of TCR, as seen in other conditions, accounted for the absence of iNKT cells in vivo after OX40 stimulation. We did not detect significant DsRed iNKT cells in other compartments in either the WT B6 mice or the OX40L-Tg mice after cell transfer (data not shown). Collectively, these data suggest that the OX40/OX40L pathway plays an important role in life and death of iNKT cells in vivo.
Depletion of iNKT cells in vivo requires caspase 1 activation. We reasoned that OX40 may trigger the demise of iNKT cells in vivo, e.g., through the activation cell death pathways. So we first examined induction of key inflammatory as well as apoptotic caspases, which often mediate different forms of cell death, by OX40 in iNKT cells (28) (29) (30) . As shown in Figure 2A , freshly isolated iNKT cells from the liver constitutively expressed caspase 1 and caspase 3, as revealed by immunoblotting assays. As compared with naive T cells and NK cells, the expression of caspase 1 is confined to iNKT cells, whereas caspase 3 is expressed not only in iNKT cells but also in resting T cells and NK cells (Figure 2A ). To determine the roles of caspases 1 and 3, which require proteolytic cleavage to become active (31) , in the life and death of iNKT cells in response to OX40 stimulation, we FACS-sorted iNKT cells from naive B6 mice and stimulated them in vitro with different doses of OX86; we then examined cleavage of caspase 1/3 by immunoblotting 30 minutes later. As shown in Figure 2B , stimulation of OX40 on iNKT cells triggered robust cleavage of caspase 1, resulting in the formation of a ~20-kDa active caspase 1 fragment from its ~45-kDa precursor. In contrast, cleavage of caspase 3 was not observed regardless of OX40 stimulation ( Figure 2B ). Moreover, activation of caspase 1 in iNKT cells in response to OX40 stimulation was further confirmed by flow cytometry using a staining Ab that specifically recognizes cleaved caspase 1 ( Figure 2C ). When compared with control IgG-treated iNKT cells, as much as 25% of iNKT cells stained positive for the cleaved caspase 1 at 24 hours after OX40 stimulation, and this cleaved caspase 1-positive proportion increased to ~35% at 48 hours ( Figure 2C) .
To address the possible role of caspase 1 in iNKT cell depletion, we took the following three approaches. First, we treated naive B6 mice with the agonist anti-OX40 mAb OX86; groups of treated mice were also given a caspase 1 inhibitor (or a caspase 3 inhibitor as controls), and the intrahepatic iNKT cells were assessed using the CD1d-αGalCer tetramer. We observed that treatment with the caspase 1 inhibitor rescued iNKT cells from OX40-induced depletion, whereas the caspase 3 inhibitor failed to do so ( Figure 2D ). Second, we tested the same caspase inhibitors in OX40L-Tg mice, in which iNKT cells are absent ( Figure  1B ), asking whether caspase 1 inhibition would rescue iNKT cells. As shown in Figure 2E , treatment of OX40L-Tg mice with the caspase 1 inhibitor completely rescued iNKT cells from depletion in vivo, but the caspase 3 inhibitor had no effect. Third, we treated antibodies and severe inflammation in the gut, liver, and lungs (21, 22) . Moreover, OX40 costimulation has been linked to the pathogenesis of autoimmune colitis, arthritis, experimental autoimmune encephalomyelitis (EAE), asthma, and tissue fibrosis (13, 23) . It has always been assumed that T cells are the sole effector cells in OX40-mediated pathologies.
Here, we examined the role of liver-resident iNKT cells in OX40-induced responses, focusing on cell survival and memory features, and found unexpectedly that OX40 engagement induced massive pyroptotic death of NKT cells -in that dying NKT cells release potent inflammatory cytokines and induce prominent liver injury -thus establishing OX40 as a death receptor for iNKT cells. We also found that OX40 signaling activates caspase 1 in iNKT cells through recruitment of MALT1, which leads to IL-1β processing, as well as activation of the pyroptotic protein gasdermin D to induce pyroptotic cell death.
Results

OX40 stimulation depletes iNKT cells in vivo.
We observed before that prolonged stimulation of the OX40/OX40L pathway induces systemic autoimmunity, with prominent involvement of the liver (22) . To determine whether liver-resident iNKT cells may have any roles in the liver pathology, we used the CD1d-αGalCer tetramer, which binds to the invariant TCR on iNKT cells (2) , to track iNKT cells in naive C57BL/6 (B6) mice. We found that iNKT cells in the liver constitutively express OX40, whereas OX40 is conspicuously absent on other cell types in the liver ( Figure 1A) , an observation that has also been reported by others (24) (25) (26) . To determine whether OX40 has any roles in regulation of iNKT cells in the liver, we analyzed iNKT cells, using the same CD1d-αGal-Cer tetramer, in the liver of age-matched naive WT B6, OX40L-Tg, and Ox40-KO mice. As shown in Figure 1B , the iNKT cells accounted for ~6% of all lymphocytes retrieved from the liver of WT B6 mice. To our surprise, the iNKT cells in OX40L-Tg mice were markedly depleted (~0.6%), whereas those in Ox40-KO mice were increased by ~2-fold to about 11.6% as compared with those in WT B6 mice ( Figure 1 , B and C). The absolute number of iNKT cells showed similar changes in those mice ( Figure 1C) . Interestingly, iNKT cells in the thymus did not show differences among those strains (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/ JCI91075DS1), suggesting that depletion of iNKT cells in OX40L-Tg mice is not due to altered iNKT development in the thymus.
In a different set of experiments, we injected an agonist anti-OX40 mAb (clone OX86) into WT B6 mice and examined changes in iNKT cells in the liver. As shown in Figure 1D , OX86 also induced marked depletion of iNKT cells in the liver, while blocking the OX40/OX40L pathway by use of an anti-OX40L mAb led to a reciprocal increase in iNKT cells (by ~2-fold as compared with control IgG-treated mice), both in relative percentage and in absolute cell number ( Figure 1E ). We did not observe altered distribution of iNKT cells outside of the liver, in locations such as the spleen, thymus, lungs, bone marrow, and lymph nodes, following OX86 treatment ( Figure 1F release of lactate dehydrogenase (LDH) into the supernatants by OX40-stimulated iNKT cells suggests a breach of cell membrane integrity and efflux of cellular contents after OX40 stimulation ( Figure 3D ). To further address the mechanisms of iNKT cell death, we FACS-sorted iNKT cells from WT B6 and caspase 1-KO mice, stimulated them in vitro with OX86, and then examined the cleavage of gasdermin D to its N-domain fragment (32) .
Immunoblotting showed ( Figure 3E ) that in iNKT cells from WT B6 mice, stimulation of OX40 with OX86 induced caspase 1 activation, which was associated with cleavage of gasdermin D to its N-domain fragment, whereas in the absence of OX40 stimulation, neither caspase 1 activation nor gasdermin D processing occurred in iNKT cells. Interestingly, cleavage of gasdermin D to its active fragment was not observed in iNKT cells from caspase 1-KO mice ( Figure 3E ). To ascertain the role of gasdermin D in iNKT OX86 or control IgG, and at various time points we used FACS to examine IL-1β expression by iNKT cells by gating onto the CD1d-Tet + cells. As compared with iNKT cells from control mice, where mature IL-1β was undetectable, those from OX86-treated mice showed robust IL-1β expression, and as many as 42% iNKT cells stained positive for IL-1β ( Figure 3A) . As shown by ELISA, OX86 treatment resulted in a marked increase in serum IL-1 and IL-18 levels in the treated mice ( Figure 3B ). These data are in line with the activation of caspase 1 in iNKT cells by OX40 stimulation. Furthermore, when FACS-sorted iNKT cells from WT B6 mice were stimulated by OX86 in vitro, we observed prominent cell death, as demonstrated by staining with the vital dye SYTOX, whereas iNKT cells from caspase 1-KO mice did not show SYTOX staining after OX86 treatment ( Figure 3C ), suggesting that caspase 1 also contributes to cell death. In fact, a large increase in the cell death, we sorted iNKT cells from WT B6 mice and transfected the cells with shRNA to specifically knock down gasdermin D and then examined cell survival following OX40 stimulation. As shown in Figure 3 , F and G, knockdown of gasdermin D markedly inhibited iNKT cell death in response to OX40 stimulation. Thus, these data correlate with expanded iNKT cells in caspase 1-KO mice regardless of OX40 stimulation ( Figure 3C ) and collectively suggest that iNKT cells die of pyroptosis upon OX40 stimulation.
Role of TRAF6-mediated MALT1 recruitment in caspase 1 activation. An outstanding question is how OX40 engagement activates caspase 1 in iNKT cells. The cytoplasmic domain of OX40 does not have any proteolytic activities; it is also incapable of directly interacting with caspase 1 (no consensus binding domain) (34) . Thus, the induction of caspase 1 activation must involve other mechanisms. We recently reported that in T cells, OX40 requires TRAF6 to trigger downstream signaling events (18) . To examine whether TRAF6 is also involved in iNKT cell depletion, we sorted iNKT cells from WT B6 and Cd4-Cre Traf6 fl/fl mice, stimulated them with OX86, and examined caspase 1 activation. As shown in Figure 4A , in TRAF6-deficient iNKT cells OX40 failed to induce caspase 1 activation, as shown by the absence of caspase 1 cleavage by immunoblotting, which is in contrast to the effects of OX40 in WT B6 iNKT cells. The failure of OX40 to activate caspase 1 in TRAF6-deficient iNKT cells was further confirmed by flow cytometry ( Figure 4B ). Furthermore, treatment of Cd4-Cre Traf6 fl/fl mice with OX86 failed to deplete iNKT cells in vivo, whereas the same OX86 protocol resulted in profound iNKT cell depletion in WT B6 mice ( Figure 4, C and D) . Similarly, as compared with OX86-treated WT B6 mice, treatment of Cd4-Cre Traf6 fl/fl mice with OX86 did not result in increased levels of IL-1β and IL-18 in the blood ( Figure  4E ). These data suggest a critical role for TRAF6 in OX40-induced activation of caspase 1 and iNKT depletion.
To resolve the molecular mechanisms by which TRAF6 mediates caspase 1 activation, we FACS-sorted WT B6 iNKT cells, stimulated them with OX86 in vitro, and immunoprecipitated them with the anti-TRAF6 mAb. We then examined molecules that potentially interact with TRAF6 in the immunoprecipitates by immunoblotting assays. As shown in Figure 5A , TRAF6 co-immunoprecipitated with MALT1 in OX40-stimulated iNKT cells, and in this complex BCL10 was also detected. Structurally, MALT1 contains multiple TRAF6-binding sites, and MALT1 additionally contains a death domain, a BLC10-binding site (B10BS), a caspase-like domain (CaspD), as well as an IKKγ binding site (IKBS) ( Figure 5B ) (35) . Functionally, MALT1 can act as a scaffold upon which signaling complexes are assembled or as a paracaspase molecule to mediate proteolytic cleavage of target proteins (35) . In order to gain further insights into MALT1 functions, we overexpressed TRAF6, MALT1, and caspase 1 in 293T cells, either individually or in combinations, followed by immunoprecipitation with the anti-TRAF6 mAb. We found that TRAF6 clearly co-immunoprecipitated with MALT1 and caspase 1 in cells transduced with such constructs, but TRAF6 failed to co-immunoprecipitate with caspase 1 in cells without MALT1 ( Figure 5C ), suggesting that MALT1 is a critical component in TRAF6-mediated activation of caspase 1. We also made a series of MALT1 mutations, which included deletions of IKBS (ΔIKBS), CaspD (ΔCaspD), and B10BS (ΔB10BS). We introduced a FLAG tag to these mutants, so that they could be tracked using the anti-FLAG mAb. We transfected the MALT1 mutants into 293T cells and examined caspase 1 recruitment to the MALT1 complex by co-immunoprecipitation assays. As shown in Figure 5D , none of the MALT1 mutations affected the binding of TRAF6 to the MALT1 molecule. However, deletion of B10BS (ΔB10BS) abolished the recruitment of caspase 1 into the MALT1-TRAF6 complex, whereas deletion of either CaspD (ΔCaspD) or IKBS (ΔIKBS) did not affect the recruitment of caspase 1, suggesting that BLC10 is required for recruitment of caspase 1 to the MALT1 complex. We used both RNA knockdown and pharmacological inhibitors to examine the role of the MALT1 paracaspase domain in activation of caspase 1 in iNKT cells. For this purpose, iNKT cells were transfected with retroviral vectors containing either scrambled RNA or MALT1 shRNA. The transduced iNKT cells were marked by GFP expression for analysis. The iNKT cells were then treated with OX86 for 30 minutes, and activation of caspase 1 was determined by flow cytometry. Knockdown of MALT1 markedly inhibited the activation of caspase 1, as shown by reduced caspase 1 cleavage in flow cytometry ( Figure 5E ). Furthermore, we stimulated sorted iNKT cells in vitro with OX86, with or without a MALT1 inhibitor (mepazine acetate), and activation of caspase 1 was determined 30 minutes later. As shown in Figure 5F , the MALT1 inhibitor strongly inhibited the cleavage of caspase 1 in a dose-dependent manner, suggesting the involvement of the MALT1 paracaspase activities in caspase 1 activation. Taken together, these data suggest that in iNKT cells, OX40 ligation recruits MALT1 through TRAF6, and MALT1 then activates caspase 1 to induce pyroptosis of iNKT cells.
Pyroptotic death of iNKT cells in vivo triggers liver injury.
We took several approaches to examine the impact of iNKT cell pyroptosis on local inflammation and liver injury. First, we treated Cd1d-KO mice, which are deficient in NKT cells (36) , with the anti-OX40 mAb OX86; 2 weeks later we assessed liver histology, IL-1β and Last, we used a concanavalin A-induced (ConA-induced) murine hepatitis model to address the OX40/iNKT cell pathway in liver injury. This model is widely used in the study of liver injury and is known to depend on NKT cells (38) . As shown in Figure  7A , injection of a low dose of ConA (1 mg/kg) into WT B6 mice induced prominent expression of OX40L in the liver, and this was associated with increased serum levels of AST and ALT, as well as increased levels of IL-1β and IL-18 ( Figure 7 , B-E), confirming the induction of liver injury and expression of OX40L under inflammatory conditions (13) . Interestingly, treatment of the host mice with a blocking anti-OX40L mAb at the time of ConA injection IL-18 production, as well as blood levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT), enzymes that are associated with hepatocyte injury (37) . As shown in Figure  6A , similar to control IgG-treated mice, treatment of Cd1d-KO mice with OX86 failed to induce noticeable changes in the liver, as assessed by tissue histology and levels of AST and ALT ( Figure  6 , B and C). ELISA assay also failed to detect any IL-1β and IL-18 production in the treated Cd1d-knockout mice ( Figure 6, D and E) . In contrast, in Cd1d-KO mice receiving adoptive transfer of WT B6 iNKT cells, OX86 treatment induced marked liver injury, characterized by inflammatory cell infiltration in the liver, disorganization of hepatic architecture, and stenosis of hepatocytes ( Figure  6A ). These changes were associated with a rise in liver enzymes ( Figure 6 , B and C), as well as IL-1β and IL-18 levels in the blood ( Figure 6, D and E ). These data demonstrate that OX40-induced liver injury clearly requires iNKT cells.
Second, we compared the effects of OX86 treatment on liver injury in WT B6 and caspase 1-KO mice. As shown in Figure 6F , 
Discussion
In the present study we made several interesting discoveries. First, we demonstrate that, in contrast to its well-publicized role in T cell survival (15) , OX40 is a potent death receptor for iNKT cells, and OX40 engagement, either by an agonist mAb or through its ligand (OX40L), readily depletes iNKT cells in vivo. Second, our data provide the first evidence to our knowledge that besides macrophages, iNKT cells can also commit to pyroptotic cell death, and pyroptosis of iNKT cells exhibits key characteristics similar to prevented the induction of AST and ALT, as well as production of the inflammatory cytokine IL-1β and IL-18 ( Figure 7 , B-E). Flow cytometry showed that ConA substantially reduced iNKT cells in the liver, both in relative percentages and in absolute cell numbers, and this reduction in iNKT cells was completely inhibited by blocking of OX40L (Figure 7, F-H) . Importantly, we found that in Ox40-KO mice, ConA injection failed to induce liver injury and iNKT depletion (Figure 7 , I-K), demonstrating an important role for OX40/NKT cells in liver injury in this model. that OX40 triggers caspase 1 activation in iNKT cells through recruitment of MALT1, which contains a paracaspase domain traditionally involved in TCR signaling (35) . MALT1 is a critical component of the CARMA-BCL10-MALT1 (CBM) complex downstream of the TCR, and in this CBM complex MALT1 can act as a scaffold protein, as well as a proteolytic molecule. In certain models, those two different activities (scaffolding vs. proteolysis) can be segregated in T cells (35) . Functionally, the CBM complex plays a key role in activation of the NF-κB pathway in activated T cells. In the current study, we found that MALT1 is pivotal in OX40-mediated activation of caspase 1 in iNKT cells, and this process requires TRAF6, which is essential for OX40 signaling (18) . In fact, MALT1 has multiple TRAF6 binding sites, and in our models MALT1 clearly co-immunoprecipitates with TRAF6 (Figure 5A) , and deletion of Traf6 in iNKT cells prevents caspase 1 activation in response to OX40 stimulation. Furthermore, knockdown of MALT1 in iNKT cells using the RNA interference approach also inhibits OX40-triggered caspase 1 activation (Figure 5E) . Moreover, the finding that inhibition of the proteolytic activities of MALT1 using chemical inhibitors strongly inhibited the OX40-induced caspase 1 cleavage highlights the importance of its paracaspase activities in OX40-induced NKT pyroptosis ( Figure 5F ). Collectively, our findings offer strong evidence that besides inflammasome activation, MALT1 provides an alternative means of caspase 1 activation in the induction of pyroptotic cell death. Our data also expand the role of OX40 in the immune system to include not only T cell survival, but also induction of pyroptotic cell death. Our study raises several interesting questions that warrant further investigation. Clearly, the underlying mechanisms that induce iNKT cells to constitutively express OX40 and caspase 1 remain unknown. One possibility is that the liver drains the blood from the digestive system, which is rich in food products, metabolites, and constituents of gut microbiota (11) , and these elements may contribute to certain features of iNKT cells in the liver. We observed that blocking OX40L or genetic knockout of Ox40 consistently led to an increase in iNKT cells in the liver, and to what extend OX40 regulates iNKT homeostasis under physiological conditions is also unknown. Under inflammatory conditions, however, the intrahepatic myeloid cells do express high levels of OX40L, which is shown to promote T cell activities (44) . Whether this is due to the direct effect of OX40 on T cells or mediated by other extrinsic mechanisms that involve iNKT cells, further studies are warranted. But in the ConA-induced hepatitis model, blocking OX40L can markedly inhibit liver injury by preventing NKT depletion. Structurally, caspase 1 contains putative sites for MALT1-mediated proteolytic cleavage, but it also contains sites for autocleavage (45) , and in the setting of OX40 stimulation, MALT1 is clearly indispensable in caspase 1 activation. Thus, the exact molecular complex assembled downstream of OX40 stimulation in favor of MALT1 activities requires further clarification. Nevertheless, considering the emerging clinical trials of OX40 agonists in the clinic as cancer immunotherapy reagents (46, 47) , the role of direct OX40 stimulation in pyroptotic death of iNKT cells provides a note of caution on potential liver damage, and further studies in this area will undoubtedly be important in future development of OX40-directed therapies.
those of macrophage pyroptosis, including requirement of caspase 1 activation and involvement of gasdermin D cleavage. Moreover, pyroptosis of iNKT cells triggers tissue inflammation and liver injury, thus highlighting that tissue-resident iNKT cells (besides conventional T cells) can contribute to OX40-induced pathology. Third, our study uncovers a molecular mechanism for the activation of caspase 1, wherein, instead of relying on inflammasome assembly (39), the paracaspase MALT1 provides an alternative mechanism in the activation of caspase 1 (in the absence of danger signals), and in the case of iNKT cells, MALT1 links the costimulatory receptor OX40 to caspase 1-dependent iNKT cell pyroptosis. Finally, the discovery of OX40 in pyroptosis of iNKT cells is significant. Considering the recent report that the OX40/OX40L pathway is a major driver of tissue fibrosis (23) and the prevalence of liver fibrosis among liver pathologies, our findings may have far-reaching implications in the management of liver diseases.
The finding that iNKT cells can die of pyroptosis is significant, and is especially interesting when considering where they reside and the consequence of the tissue inflammation they produce. We were intrigued that the liver iNKT cells constitutively express high levels of caspase 1, even under homeostatic conditions; they also express the recently identified pyroptotic protein gasdermin D (32, 33) , suggesting that the iNKT cells, like macrophages, are likely poised for pyroptotic cell death. Similar to macrophages, pyroptosis of iNKT cells promotes tissue inflammation and tissue damage. But unlike macrophages, pyroptosis of iNKT cells is not induced by activation of the inflammasome, but rather triggered by OX40 stimulation and MALT1 activities. Clearly, the liver is a prime target of iNKT pyroptosis, as tissue injury was not observed in other organs (data not shown). This is consistent with the fact that liver is the primary site for iNKT cells, even though a small proportion of iNKT cells are present outside the liver (4). Our adoptive transfer experiments involving CD1d-deficient hosts demonstrate that iNKT cells alone are sufficient to produce liver damage upon OX40 stimulation. Furthermore, the absence of histological and biochemical evidence of liver damage in OX86-treated CD1d-deficient mice excludes the possibility that other conventional T cells, which are also capable of expressing OX40, are involved in liver injury (14) . In OX86-treated mice or ConA-injected mice, we observed extensive infiltration of the liver by inflammatory cells, especially CD11b + macrophages, but macrophages do not express OX40. Instead, they express OX40L (13) , and their contribution to liver injury may be indirect and secondary to triggering pyroptotic death of iNKT cells. In fact, the finding that in ConA-injected mice blocking the OX40L prevented NKT depletion and liver damage appears to support this notion. Thus, in any clinical situation where expression of OX40L is potentially upregulated in the liver, pyroptotic death of NKT cells could be triggered, causing liver injury or fibrosis. As liver damage is a significant clinical issue, and frequently observed in different settings, including viral infections and autoimmune diseases (40) , the identification of NKT cell pyroptosis in liver damage may have important therapeutic implications.
OX40 is best known for its role in T cell survival and proliferation, as well as in generation of long-lived memory T cells (41) (42) (43) After high-speed centrifugation (13,000 g), the supernatant was incubated with anti-TRAF6 antibody (EP591Y; Abcam) overnight at 4°C, then Protein A beads were added for another 1 hour of incubation. The protein complexes were pelleted and washed 3 times with IP washing buffer. The immunoprecipitated protein complex was analyzed by immunoblot with anti-TRAF6 and anti-caspase 1 (Abcam). The input cell lysates were also immunoblotted with anti-β-actin, anti-TRAF6, anti-MALT1, and anti-caspase 1 (Cell Signaling Technology) antibodies. HRP-linked anti-mouse antibodies, or HRP-linked anti-rabbit antibodies were used as secondary antibodies (Cell Signaling Technology). The proteins were detected using the ECL Plus Western blotting detection system. ELISA, ALT, AST, and LDH assay. The ELISA kits were purchased from eBioscience. IL-1β and IL-18 in serum were measured with the ELISA kits according to the manufacturer's instructions. Serum ALT and AST were measured with an ALT Activity Assay kit and AST Activity Assay kit according to the manufacturer's instructions (SigmaAldrich). LDH released into the culture supernatant was measured by CytoTox 96 Non-Radioactive Cell Viability Assay (Promega).
Retrovirus-mediated gene silencing. The DNA fragments encoding shRNAs targeting mouse MALT1 (GCACTACACGGTTCCATATGT) was synthesized by Integrated DNA Technologies and inserted into pSIREN-RetroQ-ZsGreen1 vector (Promega). The plasmid vector was confirmed by direct sequencing. The plasmids were transfected into packaging Plat-E cells to generate retroviral particles according to the manufacturer's recommendations (Cell Biolabs Inc.). For transduction of iNKT cells with retrovirus, sorted iNKT cells were cultured with CD1d tetramer (0.2 μg/ml) and incubated with freshly prepared retroviral particles in the presence of 10 μg/ml Polybrene (Sigma-Aldrich) by 780 g centrifugation for 2 hours at 32°C. Then cells were further cultured for 24 hours at 37°C and treated with OX86 for an additional 30 minutes. The cells were harvested and further assessed by FACS.
ConA-induced murine hepatitis model. WT B6 and Ox40-KO mice were injected i.v. with 1 mg/kg ConA. Groups of mice were also given Methods Animals. Male WT B6, Cd1d-KO, Cd4-Cre, caspase 1-KO, and DsRed mice were obtained from the Jackson Laboratory. Ox40-KO, OX40L-Tg mice, and Traf6 fl/fl mice have been previously described (18) . All animals were housed in the specific pathogen-free facility at Houston Methodist Research Institute.
Reagents. Caspase 1 Inhibitor I (sc-358878) and Caspase-3 Inhibitor III (sc-300325) were obtained from Santa Cruz Biotechnology Inc. The MALT1 inhibitor (mepazine acetate), ConA (L7647), and LDH kit were purchased from Sigma-Aldrich.
The anti-mouse OX40 (OX-86) and anti-mouse OX40L (RM134L) antibodies were obtained from Bio X Cell. The anti-TRAF6 antibody (EP591Y) and anti-caspase 1 (EPR4321) antibodies were from Abcam; and anti-β-actin (8H10D10), anti-caspase 3 (8G10), anti-MALT1, anti-BCL10 (C78F1), anti-rabbit IgG, HRP-linked (catalog 7074) and anti-mouse IgG, HRP-linked antibodies (catalog 7076) were purchased from Cell Signaling Technology. The anti-GSDMD antibody (H-11) was obtained from Santa Cruz Biotechnology Inc. FLAG-TRAF6, p3F-Strep-mMALT1, and pCMV-caspase 1-flag constructs were obtained from Addgene. To construct MALT1 mutants, cDNA from activated T cells was used as a template. The PCR products were digested by restriction enzymes BamHI and EcoRI and then ligated into the pMYs-IRES-GFP vector. All constructs were confirmed by direct sequencing. The primers to generate MALT1 mutants were as follows: for ΔB10BS mutant: forward, 5′-CGGGA-TCCATGAGGAACCTACTGGTGTCATGT-3′, reverse: 5′-GGAAT-TCCTCAAAACCATGAAGGTCAGTTTTC-3′; for ΔIKBS mutant: forward:
5′-CGGGATCCCGCAGTCGAGGCCACCGGCGTA-3′, reverse:
5′-GGAATTCCTCTCAGGTGGTTTGTGGACT-3′; for ΔCaspD mutant: N-terminal fragment, forward: 5′-CGGGATCCCG-CAGTCGAGGCCACCGGCGTA-3′, reverse, 5′-GGAATTCCACCA-GTAGGTTCCTTCATGTTCTA-3′; C-terminal fragment, forward: 5′-CGGGATCCCGAGTCCACAAACCACCTGAGAT-3′; reverse: 5′-GGAATTCCTCAAAACCATGAAGGTCAGTTTTC-3′.
Cell isolation and flow cytometry. The liver from WT B6, Ox40
-/-, OX40L-Tg, and Cd4-Cre Traf6 fl/fl mice were perfused in cold PBS solution in situ and then harvested. Some mice were treated with OX86 or anti-OX40L mAb (200 μg, i.p.) before harvesting of liver. The liver was pressed through a 40-μm cell strainer (Fisher Scientific) and suspended in RPMI-1640 medium (Gibco BRL) containing 10% fetal bovine serum. After washing, the lymphocytes were resuspended in 40% Percoll (GE Healthcare) and centrifuged at 750 g for 20 minutes at room temperature. The pellet was resuspended in 10 ml 1× RBC Lysis Buffer (eBioscience) and incubated at room temperature for 5 minutes. The cells were then washed and harvested for analysis. For cell surface staining, cells were stained with APC/Cy7-conjugated anti-NK1.1 (PK136; BioLegend), Alexa Fluor 700-conjugated anti-CD3 (17A2; BioLegend), Alexa Fluor 488-conjugated anti-CD19 (6D5; BioLegend), PE-conjugated anti-OX40 (OX86; BioLegend), PE-conjugated anti-CD11b (M1/70; BioLegend), and APC-conjugated CD1d-αGalCer tetramer (NIH Tetramer Core Facility) according to the manufacturers' instructions. For intracellular staining, cells were first fixed and made permeable with Cytofix/Cytoperm solution (BD Pharmingen) and then stained with anti-cleaved caspase 1 antibody (m296; Santa Cruz Biotechnology Inc.) or anti-IL-1β antibody (Abcam, catalog ab9722). After 30 minutes, cells were washed twice in washing buffer. The cells were further stained with
